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Introduction {#sec001}
============

Protein quality control mechanisms, which include folding assistance or degradation of abnormal proteins, are critical for maintaining cell viability and function and for preventing protein aggregation pathways that underlie neurodegenerative diseases. In bacteria and eukaryotic organelles, protein degradation and disaggregation are performed by Caseinolytic proteases (Clp), which are self-compartmentalized molecular machines comprising ATPase and peptidase components. Clp ATPases are members of the AAA+ (ATPases Associated with various cellular Activities) superfamily \[[@pcbi.1004675.ref001], [@pcbi.1004675.ref002]\] that performs DNA replication, microtubule severing, transporting cargo along microtubules, protein unfolding and translocation, and disaggregation \[[@pcbi.1004675.ref002]--[@pcbi.1004675.ref004]\]. Structurally, AAA+ machines are oligomeric ring assemblies with monomers that generate catalytic activity through one or two conserved AAA domains \[[@pcbi.1004675.ref005], [@pcbi.1004675.ref006]\]. Crystal structures \[[@pcbi.1004675.ref007]--[@pcbi.1004675.ref013]\] and electron microscopy images \[[@pcbi.1004675.ref014], [@pcbi.1004675.ref015]\] revealed that Clp ATPases have a homo-hexameric single-ring (ClpX, ClpY/HslU) or double-ring (ClpA, ClpB) structure which encloses a central channel with a diameter of ∼20--30 Å at its entrance and a width of ∼10--20 Å at the narrowest point. The peptidase component (ClpP or ClpQ), which is responsible for the proteolytic action, associates coaxially with one or two ATPase particles \[[@pcbi.1004675.ref005], [@pcbi.1004675.ref007], [@pcbi.1004675.ref016]--[@pcbi.1004675.ref018]\]. ClpP forms complexes with ClpA or ClpX, whereas ClpQ (HslV) binds ClpY (HslU). Due to the narrow openings within the ATPase channel, substrate proteins (SP) must be unfolded, a process that requires ATP hydrolysis for most proteins. Selectivity of the degradation mechanism is ensured by SP recognition through extrinsic degradation tags such as the *E. coli* SsrA (sequence AANDENYALAA) \[[@pcbi.1004675.ref019]\], which are covalently attached at the N- or C-terminus, or intrinsic sequence motifs \[[@pcbi.1004675.ref020]--[@pcbi.1004675.ref022]\]. Flexible, diaphragm-forming loops within the narrow central pore of the unfoldases effect SP unfolding and translocation \[[@pcbi.1004675.ref023]\]. These loops, which contain a highly conserved G-aromatic-hydrophobic-G motif \[[@pcbi.1004675.ref009], [@pcbi.1004675.ref024]\], are suggested to exert mechanical force on the SP through a "paddling" mechanism \[[@pcbi.1004675.ref025]\]. Sequential ATP hydrolysis events within the Clp ATPase ring induce large scale conformational changes of individual subunits \[[@pcbi.1004675.ref009]\] that elicit ≃10 Å excursions of pore loops along the ring axis. Strong interaction between the pore loops and the SP coupled with the axial displacement of the pore loops results in application of mechanical force onto the SP.

Biophysical and biochemical experiments have shown that local mechanical stability near the tagged terminus of the SP is correlated with the ATP consumption and degradation rates by the Clp machinery \[[@pcbi.1004675.ref026]\]. Destabilization of the highly stable C-terminal *β*-strand of the I27 domain of titin \[[@pcbi.1004675.ref027]\] results in greater degradation rates by ClpXP \[[@pcbi.1004675.ref028]\] and alteration of the tagged terminus of dihydrofolate reductase, from *β*-strand to *α*-helix or unstructured loop, yielded faster degradation by ClpXP and ClpAP \[[@pcbi.1004675.ref026]\]. Increased stabilization of circular permutants of the Green Fluorescent Protein (GFP) resulted in stalling for the variant with a stable intermediate \[[@pcbi.1004675.ref029], [@pcbi.1004675.ref030]\].

Recent single-molecule experiments of ClpXP- and ClpAP-mediated unfolding and translocation of multidomain proteins \[[@pcbi.1004675.ref031]--[@pcbi.1004675.ref036]\] used laser optical trapping approaches to restrict the application of force to the N-C direction. The force generation by each central pore loop is reported to be ∼20 pN, corresponding to mechanical work ∼5kT. Discrete steps in unfolding and translocation indicate a power stroke mechanism \[[@pcbi.1004675.ref032]--[@pcbi.1004675.ref034]\]. Studies of ClpXP-mediated threading of GFP in this one-dimensional geometry identified two unfolding intermediates \[[@pcbi.1004675.ref033], [@pcbi.1004675.ref034], [@pcbi.1004675.ref037], [@pcbi.1004675.ref038]\]. Competition between refolding and translocation of the first intermediate results in a kinetic constraint in this process \[[@pcbi.1004675.ref034], [@pcbi.1004675.ref039]\]. Experiments of Cordova *et al.* \[[@pcbi.1004675.ref035]\] and Olivares *et al.* \[[@pcbi.1004675.ref036]\] examined multidomain substrates comprising multiple copies of wild-type or V13P and V15P variants of I27 and an N-terminal HaloTag domain. The I27-based construct yielded observation of successive unfolding events of a homogeneous species separated by preunfolding dwell times that reflect the mechanical stability of each domain. The distinct topology of terminal regions of the HaloTag (*α*-helical) and of I27 (*β*-sheet) resulted in distinguishable terminal unfolding events. The opposing force was found to have topology-dependent effect by destabilizing the I27 domains, but decreasing the ClpXP activity in the case of the HaloTag \[[@pcbi.1004675.ref035]\]. These results were found to be consistent with the smaller distance to the transition state for the HaloTag than for I27 domains \[[@pcbi.1004675.ref027]\].

To obtain further insight into these mechanisms, several computational studies of protein unfolding and translocation used coarse-grained approaches that involved mechanical pulling through model pores \[[@pcbi.1004675.ref040]--[@pcbi.1004675.ref043]\] or atomistic descriptions of a non-allosteric ATPase \[[@pcbi.1004675.ref044], [@pcbi.1004675.ref045]\]. Details of the allosteric mechanism of AAA+ machines were considered in coarse-grained models of translocation along a biomolecular track \[[@pcbi.1004675.ref046], [@pcbi.1004675.ref047]\] and pore opening and closing \[[@pcbi.1004675.ref048]\], as well as in the atomistic description of the elementary translocation step \[[@pcbi.1004675.ref049]\]. Our group developed coarse-grained models of allosteric cycles of two AAA+ nanomachines, ClpY and p97 \[[@pcbi.1004675.ref050], [@pcbi.1004675.ref051]\], that probed complete unfolding and translocation of an all-*α* SP and revealed complex degradation pathways. The coarse-grained description of the system is particularly well-suited for these studies as it enables extensive sampling of the large biological time scales and length scales involved and it provides access to forces and pulling speeds that approach the high end of experimental values. Simulations of mechanical pulling using coarse-grained approaches yield the relative mechanical stability and unfolding pathways of topologically diverse substrates, such as the *β*-barrel GFP \[[@pcbi.1004675.ref052]\], the *α*/*β* domain B1 of streptococcal protein L, the all-*α* spectrin \[[@pcbi.1004675.ref041]\], the *α*/*β* domain B1 of streptococcal protein G \[[@pcbi.1004675.ref053], [@pcbi.1004675.ref054]\] and the *β*-sandwich scaffoldin \[[@pcbi.1004675.ref055]\] in very good agreement with single-molecule atomic force microscopy (AFM) experiments. In addition, unfolding pathways are consistent with those obtained from implicit solvent atomistic simulations \[[@pcbi.1004675.ref041]\]. The basic premise of the coarse-graining approach, that protein folding mechanisms are guided by contacts that characterize the native structure, has been confirmed by the recent comparison with long atomistic simulations of multiple proteins \[[@pcbi.1004675.ref056]\]. Inclusion of non-native interactions in addition to the native contacts, as in the BLN-type model of an *α*/*β* protein (see [Methods](#sec012){ref-type="sec"}) developed by Sorenson and Head-Gordon \[[@pcbi.1004675.ref057]\], allows us to adequately probe unfolded conformations. In this paper, we use coarse-grained Langevin dynamics simulations to probe ClpY-assisted unfolding and translocation of the *α*/*β* SP ([Fig 1](#pcbi.1004675.g001){ref-type="fig"}) which has the same fold as B1 domains of proteins L and G ([Fig 2](#pcbi.1004675.g002){ref-type="fig"}). This model indicates that unfolding represents the rate-limiting step in the degradation of the *α*/*β* SP. Multiple conformational pathways arise from application of ClpY-induced force along directions of distinct mechanical resistance near the C-terminus of the SP and involve unfolding prior to or simultaneous with translocation. We contrast these results with our previous studies of an all-*α* SP \[[@pcbi.1004675.ref050]\] that indicated translocation as the rate limiting step in the degradation pathway. Rapid unfolding of tagged C-terminus of the four helix bundle SP resulted in an obligatory unfolding intermediate three helix bundle. This structure was competent for translocation, however, pathways that included further unfolding were also identified. Taken together, experimental and computational studies reveal strong topology-dependent mechanisms of unfolding and translocation mediated by Clp ATPase nanomachines.

![Unfolding and translocation pathway of the *α*/*β* protein by allosteric ClpY.\
(A) The *α*/*β* model protein (magenta) fused at the C-terminus with the SsrA degradation tag (yellow) binds to the central channel loops (blue) of ClpY (green). The dimensions of ClpY and pore size are indicated. For clarity, two ClpY subunits are not shown and two are shown in gray. (B) The central channel loops engage the substrate protein. Iterative pulling results in unfolding of the substrate to *Q* ~*N*~ ≃ 0.7. (C) Following several allosteric cycles, in the absence of the ClpQ peptidase co-factor, the substrate is partially translocated (*Q* ~*N*~ ≃ 0.5). (D) The harmonic restraints in the distal region ($z - {\overline{z}}_{loops} > 14.5Å$) are added to account for the ClpQ assistance. The allosteric motions of ClpYQ result in complete translocation and refolding of the tagged substrate protein. Molecular images in this paper are created using Visual Molecular Dynamics \[[@pcbi.1004675.ref058]\].](pcbi.1004675.g001){#pcbi.1004675.g001}

![Structural details of *α*/*β* proteins.\
(A.) Model protein utilized in this study. (B.) Protein L. The *β*-strands are shown in green, *α*-helix in blue, and loop regions in magenta. The C-terminus is indicated by a red sphere and the N-terminus by a blue sphere. (C.) BLN-model sequence (see [Methods](#sec012){ref-type="sec"}) of the *α*/*β* model SP and variants with contiguous stretches of non-attractive amino acids (red).](pcbi.1004675.g002){#pcbi.1004675.g002}

Results and Discussion {#sec002}
======================

The native structure of the *α*/*β* protein is not perturbed by the interaction with the non-allosteric ClpY pore {#sec003}
-----------------------------------------------------------------------------------------------------------------

In our simulations, we set the temperature to *T* = 0.7 *T* ~*f*~, such that the native secondary and tertiary structures of the isolated *α*/*β* protein are not subject to strong thermal fluctuations \[[@pcbi.1004675.ref057]\]. Bulk simulations of the *α*/*β* and *α*/*β*-SsrA proteins ([Table 1](#pcbi.1004675.t001){ref-type="table"}) confirm the high stability of the native structure at this temperature, as indicated by the large fraction of native contacts, *Q* ~*N*~ ([S1 Fig](#pcbi.1004675.s001){ref-type="supplementary-material"}). Next, we performed simulations ([Table 1](#pcbi.1004675.t001){ref-type="table"}) of the native *α*/*β*-SsrA fusion protein and the non-allosteric ClpY in an open pore conformation. To achieve a statistically meaningful number of binding events, we initiate these simulations from configurations in which the SP is located at a minimum distance *d* = 8 Å from the ClpY pore (see [Methods](#sec012){ref-type="sec"}). We find that binding of the SsrA tag to the central channel loops of ClpY, which takes place in 359 (≃9% of total) trajectories ([Table 1](#pcbi.1004675.t001){ref-type="table"}), does not alter significantly the native *α*/*β* structure ([S1 Fig](#pcbi.1004675.s001){ref-type="supplementary-material"}). Overall, we surmise that, at this temperature, the native *α*/*β* structure is very robust against interactions with the non-allosteric ClpY pore.

10.1371/journal.pcbi.1004675.t001

###### Summary of Langevin dynamics simulations.

![](pcbi.1004675.t001){#pcbi.1004675.t001g}

  **System**              **SP Sequence**   *v*(*μm*/*s*)[^a^](#t001fn001){ref-type="table-fn"}   *k*(kcal/(mol⋅Å^2^))   t (*τ*)   N~*traj*~                                  N~*events*~ [^b^](#t001fn002){ref-type="table-fn"}
  ----------------------- ----------------- ----------------------------------------------------- ---------------------- --------- ------------------------------------------ ----------------------------------------------------
  Bulk *α*/*β*            wild-type         \-                                                    \-                     3.3       112                                        1
  Bulk *α*/*β* − *SsrA*   wild-type         \-                                                    \-                     3.3       112                                        0
  Bulk *α*/*β* − *SsrA*   wild-type         \-                                                    \-                     3.3       48[^c^](#t001fn003){ref-type="table-fn"}   0
  AFM-type pulling        wild-type         8.8×10^4^                                             3.5                    333.3     112                                        112
  ClpY binding            wild-type         \-                                                    0                      0.167     3864                                       359
  Allosteric ClpY         wild-type         8.8×10^4^                                             0                      50        320                                        28
  Allosteric ClpY         wild-type         8.8×10^4^                                             0                      50        54[^c^](#t001fn003){ref-type="table-fn"}   12
  Allosteric ClpY         wild-type         8.8×10^4^                                             0.5                    70        56                                         43
  Allosteric ClpY         Mut1              8.8×10^4^                                             0                      50        320                                        22
  Allosteric ClpY         Mut2              8.8×10^4^                                             0                      50        320                                        13
  Allosteric ClpY         Mut3              8.8×10^4^                                             0.5                    50        112                                        77
  Allosteric ClpYΔI       wild-type         8.8×10^4^                                             0                      50        56                                         8
  Non-allosteric ClpY     wild-type         \-                                                    0.5                    35        28                                         0
  Non-allosteric ClpY     wild-type         \-[^d^](#t001fn004){ref-type="table-fn"}              \-                     3.3       112                                        112
  Non-allosteric ClpY     wild-type         8.8×10^4^                                             \-                     3.3       50                                         37
  Non-allosteric ClpY     wild-type         5×10^5^                                               \-                     3.3       56                                         28

^*a*^Effective speed of ClpY active loop motion or constant speed in AFM.

^*b*^The number of successful events observed during each set of simulations. Bulk α/β, Bulk α/β-SsrA and AFM-type pulling: unfolding; Binding: α/β-SsrA binding to ClpY central channel loops; Allosteric ClpY pore, *k* = 0 kcal/(mol·Å^2^): partial α/β-SsrA translocation; Allosteric ClpY pore, *k* = 0.5 kcal/(mol·Å^2^), and non-allosteric ClpY pore: complete α/β-SsrA translocation.

^*c*^These simulations are performed at the temperature *T* = 0.9 *T* *~f~*, while all other simulations are performed at *T* = 0.7 *T* *~f~*. For this protein model, *T* *~f~*≃260K.

^*d*^Pulling at a constant force of 125 pN.

Atomic force microscopy-like pulling of the *α*/*β* protein results in multiple unfolding pathways that involve sequential or concerted unfolding of hairpins {#sec004}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

To examine the bulk mechanical strength of the *α*/*β* protein, we performed AFM-type unfolding simulations by holding the N-terminus fixed and pulling, with constant velocity, the C-terminus along the direction of the termini ([Table 1](#pcbi.1004675.t001){ref-type="table"}). Unfolding pathways can be discriminated by the ordering of hairpin unfolding events, which are identified by the loss of 50% of inter-strand contacts. We find that the most populated pathway, which occurs in 45% of trajectories, involves the initial unfolding of the N-terminus hairpin. The secondary pathway, found in 41% of trajectories, involves the initial unraveling of the C-terminus hairpin. The remaining 14% of trajectories unfold through a pathway that involves concerted (with resolution 0.15 *τ*) unraveling of both hairpins. AFM unfolding of the model SP occurs very rapidly, with a characteristic first passage time of 0.7*τ* for unfolding at either the N-terminal hairpin or the C-terminal hairpin and forces associated with these unfolding events are in the range of 100---150 pN ([S2 Fig](#pcbi.1004675.s002){ref-type="supplementary-material"}). To glean specific features of unfolding of this SP relative to proteins having similar fold, we compare our simulations to results of experimental \[[@pcbi.1004675.ref059]\] and computational \[[@pcbi.1004675.ref060], [@pcbi.1004675.ref061]\] AFM studies of protein L. Both implicit solvent \[[@pcbi.1004675.ref060]\] and $\text{G}\overline{o}$\[[@pcbi.1004675.ref061]\] model simulations of protein L identify a single unfolding pathway that involves the shearing of the interface between the C- and N-terminal strands, followed by unfolding of both hairpins. By contrast, for the *α*/*β* protein, the pathway that involves concerted unfolding of the hairpins consists in the simultaneous destruction of the interface between the N- and C-terminal strands and unfolding of individual hairpins, followed by the loss of contacts formed by the two interior *β*-strands and the helix. Although the model protein and protein L have distinct unfolding pathways, the forces required for unfolding the model protein in our coarse-grained simulations are on the same order of magnitude as those determined experimentally for protein L \[[@pcbi.1004675.ref059]\]. We attribute the differences in unfolding pathways to the distinct wiring of the two proteins ([Fig 2](#pcbi.1004675.g002){ref-type="fig"}). The model protein is tightly packed, with 118 inter-hairpin contacts and 50 contacts formed between the helix and the two internal *β*-strands, *β*2 and *β*3. By contrast, examination of the crystal structure of protein L reveals that the two hairpins are assembled into a nearly flat *β*-sheet structure with only 24 C~*α*~-C~*α*~ inter-hairpin contacts, established exclusively between the N- and C-terminus *β*-strands, *β*1 and *β*4. We also note that only the C-terminus hairpin forms extensive contacts, 33, with the helix. We surmise that the more complex mechanical unfolding mechanisms of the *α*/*β* protein are due to the tight interfaces involving all secondary structure elements. This conclusion is consistent with results of coarse-grained folding simulations which identify multiple folding pathways for the *α*/*β* protein compared with the single folding pathway of protein L \[[@pcbi.1004675.ref062]\].

Initial unfolding of the SP by ATP-driven ClpY involves the disruption of the C-terminus *β*-hairpin {#sec005}
----------------------------------------------------------------------------------------------------

Our computational model \[[@pcbi.1004675.ref050]\] describes the ClpY cycle through sequential allosteric motions of pairs of adjacent subunits between their open and closed pore conformations (see [Methods](#sec012){ref-type="sec"}). In this model, central channel loops of ClpY have high affinity for the SP during ATP-driven conformational transitions of individual subunits and low affinity otherwise. During the initial ClpY cycles, following binding of the *α*/*β*-SsrA SP to the central channel loops, the SsrA peptide tag experiences intermittent mechanical forces which result in frequently bringing the *α*/*β* protein near the ClpY pore entrance. We find that, within the *t* = 50 *τ* timeframe examined in our simulations ([Table 1](#pcbi.1004675.t001){ref-type="table"}), SP unfolding ([Fig 1(B)](#pcbi.1004675.g001){ref-type="fig"}) occurs in 82% of trajectories, which is accessed on a time scale of ≃6.5 *τ*. The absence of unfolding events in a subset of trajectories is attributed to the high structural stability of the *β*-strands at the C-terminus. As shown in [Fig 3](#pcbi.1004675.g003){ref-type="fig"}, unraveling of the native structure of the *α*/*β* protein is initiated either by shearing the C-terminus *β*4 strand, which yields the U1 conformation, or by unzipping the C-terminus hairpin simultaneously with translocating the *β*4 strand to establish the T1 state. The U1 conformation is characterized by *Q* ~*N*~ ≃ 0.65 − 0.75 and *R* ~*g*~ ≃ 14 Å and it has a root mean square deviation (RMSD) of ≃ 2.1 Å with respect to the native structure. The reversible unfolding event that leads to the U1 conformation primarily disrupts contacts formed by the *β*4 strand with the protein core and, as a result, the U1 conformation retains a globular shape that precludes its translocation. Additional unfolding prior to translocation ([Fig 3](#pcbi.1004675.g003){ref-type="fig"}), which yields the U2 conformation, consists of unraveling and removing the C-terminal *β*4 strand from the remaining intact structure. Both U1 and U2 conformations are compatible with translocation, which yields conformations that retain high (T1) or low (T2) native content. Overall, as illustrated in [Fig 3(D)](#pcbi.1004675.g003){ref-type="fig"}, we identify both "direct" pathways, in which the work performed by the Clp ATPase results in simultaneous unfolding and translocation, and "indirect" pathways that involve SP unfolding (U1 or U2) prior to initial translocation ([Fig 1(C)](#pcbi.1004675.g001){ref-type="fig"}) or refolding due to exchanges between the T1 and T2 states. After 50 *τ*, trajectories which result in translocation populate more unfolded states than those which do not result in translocation ([Fig 3(B) and 3(C)](#pcbi.1004675.g003){ref-type="fig"}). This unfolding mechanism initiated by unraveling from the C-terminus is in accord with experimental studies \[[@pcbi.1004675.ref026]\] and our previous simulations of HBP translocation by ClpY \[[@pcbi.1004675.ref050]\].

![Unfoldase and translocase activity of allosteric ClpY.\
(A) Probability density maps of the fraction of native contacts *Q* ~*N*~ and the radius of gyration *R* ~*g*~ for trajectories which result in translocation without assistance from ClpQ. (Inset) Probability density map of the ClpYQ combined action. (B) Map for ClpY trajectories which do not result in translocation. (C) Probability density distribution of *Q* ~*N*~ after 50 *τ* for trajectories which result in translocation (black) and trajectories which do not result in translocation (red). (D) Reaction kinetics for unfolding and translocation.](pcbi.1004675.g003){#pcbi.1004675.g003}

Translocation occurs in cooperative bursts of secondary structural elements {#sec006}
---------------------------------------------------------------------------

The rate of translocation obtained in our simulations is much lower than that of unfolding, with only 9% of the simulation trajectories resulting in SP translocation ([Table 1](#pcbi.1004675.t001){ref-type="table"} and [Fig 1(D)](#pcbi.1004675.g001){ref-type="fig"}). This low translocation rate reflects the limited ability of ClpY to unravel a sufficiently long segment at the C-terminus of the SP in the initial unfolding event. Consistent with this, initial translocation, which occurs on the direct pathway with mean first passage time of ≃7 *τ*, includes the SsrA tag and an average of five amino acids at the C-terminus of the *α*/*β* protein. The indirect pathway that includes the N → U1 → T1 transitions takes place on a slower time scale with first passage time of ≃10 *τ*. Overall, during the 50 *τ* duration of ClpY simulations, we find that the high stability of the C-terminal region of the *α*/*β* SP results in translocation of only seven of the ten amino acids of the *β*4 strand. We also probe temperature-dependent effects on the translocase function of ClpY, as degradation of heat-denatured proteins is an important function of proteases. To this end, we performed additional simulations at *T* = 0.9 *T* ~*f*~ ([Table 1](#pcbi.1004675.t001){ref-type="table"}). While the native conformation of the bulk SP is largely preserved at this higher temperature, it is more easily destabilized by interaction with the allosteric ClpY and unfolding events occur in all of the simulation trajectories. Translocase activity is enhanced significantly at higher temperature, with 26% of simulation trajectories resulting in SP translocation. Nevertheless, the average contour length of the segment translocated, 31.8±23.7 Å is similar to that at lower temperature, 26.6±27.7 Å, due to long time scales associated with individual translocation steps. We note that competing events of SP binding to the auxiliary I domain of ClpY, reverse translocation and refolding play an increasing role at higher temperature and preclude observation of complete SP translocation events during the 50 *τ* simulations performed. We surmise that efficient protein degradation under heat stress is mediated by fast initiation of SP translocation and processing by the peptidase.

Association of the ClpY nanomachine with the peptidase compartment ClpQ enhances SP translocation efficacy by a factor of two to three. To account for the peptidase contribution to translocation we apply a weak harmonic restraint to SP amino acids that have been translocated to the distal region of ClpY (see [Methods](#sec012){ref-type="sec"}). The small value of the force constant, *k* = 0.5 kcal/(mol⋅Å^2^), ensures that SP translocation is driven by ClpY allostery. Simulations that mimic the ClpYQ action ([Table 1](#pcbi.1004675.t001){ref-type="table"}) are initiated from the partially translocated conformations that result from the independent ClpY action. To confirm that allosteric motions are responsible for the dominant contribution to SP translocation, we performed control simulations involving non-allosteric ClpY pores ([Table 1](#pcbi.1004675.t001){ref-type="table"}). Our results, shown in [S3 Fig](#pcbi.1004675.s003){ref-type="supplementary-material"}, indicate that, in the absence of ClpY allostery, an SP segment with average contour length of 38.5±14.2 Å is translocated compared with allosteric-driven translocation of a segment with average length of 115.1±10.4 Å. As shown in [Fig 4(A)](#pcbi.1004675.g004){ref-type="fig"}, combined action of allosteric-driven motions of ClpY and assistance from ClpQ result in complete SP unfolding and translocation. In the single translocation trajectory illustrated in this Fig, the C-terminus *β*-hairpin is translocated through the unassisted ClpY action, which corresponds to a segment with contour length ≃ 90 Å. After the distal restraint is applied, multiple cooperative transitions take place which yield translocation with contour length of ≃ 50--75 Å. In these simulations, the first passage time for complete translocation of the *α*/*β*-SsrA is ≃32 *τ*. Using the value of contour lengths associated with each transition, we estimate the distribution of end-to-end extensions (Δ~*S*~) of translocated segments of a polypeptide chain with persistence length 6.5 Å. As shown in [Fig 4(B)](#pcbi.1004675.g004){ref-type="fig"}, the maximal translocation step involves Δ~*S*~ ≃ 30 Å and the average extension of the translocated segment is 〈Δ~*S*~〉≃20 Å. Translocation transitions occur within a single cycle (Δ*t* ≲ 1 *τ*) and the average pause time between transitions, is ∼7 *τ*. These results are in accord with single molecule studies of ClpX-mediated translocation \[[@pcbi.1004675.ref032]--[@pcbi.1004675.ref035]\], which indicate that translocation of polypeptide segments involves individual steps of 1, 2, 3, or 4 times the *l* ≃ 10 Å axial excursion of a single ClpY loop. The length of translocation steps commensurate with loop excursions is attributed to single or multiple power strokes. In addition, coordinated translocation events within a single ATPase cycle indicate collaboration between several Clp subunits to promote translocation.

![Translocase action of the allosteric ClpY pore.\
(A) Contour length of the polypeptide translocated through the pore as a function of time. After 50 *τ* harmonic restraints are applied in the distal region to mimic the interaction between the SP and ClpQ. (B) Probability density distribution of the end-to-end extension of the translocated segment.](pcbi.1004675.g004){#pcbi.1004675.g004}

As a model for intra-ring communication, Cordova *et al.* \[[@pcbi.1004675.ref035]\] proposed that stochastic firing of one ClpX subunit triggers a coordinated chain of ATP hydrolysis or release events in the remaining subunits to generate additional power strokes. The total number of such events, which may proceed sequentially or stochastically through interaction with neighboring subunits, is limited by the asymmetric ring loading with up to 4 nucleotides under saturating conditions \[[@pcbi.1004675.ref063], [@pcbi.1004675.ref064]\]. In our simulations, the upper bound of the length of translocation steps, Δ~*S*~ ≤ 3 *l*, is consistent with the description of the ClpY allosteric cycle to comprise six two-subunit moves. Thus, between one and three ClpY loop excursions can promote polypeptide translocation within the productive hemicycle. Tight binding between all subunit loops and the SP in the "closed" pore conformation and SP release during the pore opening hemicycle reset the ClpY loops-SP interactions at the end of each ClpY cycle, therefore SP binding to the active loop at the beginning of the next cycle is a stochastic event. We caution that the two-subunit moves described in our model should not be interpreted as concerted actions of subunits as proposed in the case of the archaeal homolog PAN by Smith *et al.* \[[@pcbi.1004675.ref065]\]. In our simulations, crystal structures used to describe the "open" and "closed" pore conformations include asymmetric and predetermined nucleotide states of subunits (see [Methods](#sec012){ref-type="sec"}), therefore the six ClpY loops have divergent ability to promote translocation. To examine in detail the effects of directionality of allostery on unfolding and translocation, our previous study of ClpY and the double-ring p97 nanomachines \[[@pcbi.1004675.ref051]\] included a "6×1" hemicycle description comprising clockwise, counterclockwise or random intra-ring ordering of the six subunit moves. We found that, while each of these allosteric modes results in unfolding and translocation, the clockwise direction is the most efficient due to structural bias in loop motions. During each subunit move, the associated loop imparts clockwise torque onto the SP and therefore effectively biases SP handling in this preferential direction. In addition, we considered ClpY variants with subunit loops that have reduced interaction with the SP or impaired conformational transitions. Our simulations indicated that ClpY variants with two mutant loops have translocase activity similar to the wild-type machinery. We also found that variants with at least three catalytically-active subunits, in partially contiguous configuration, maintain translocase function. These findings are in accord with recent experimental studies of ClpX variants by Iosefson *et al.* \[[@pcbi.1004675.ref066]\], which indicated that a subset of the six wild-type loops suffices for efficient degradation of unfolded I27 and folded GFP variants. Further development of our model, in particular incorporating high-resolution structures of distinct asymmetric ClpY intermediates as they become available, will provide enhanced access to detailed loop-SP interactions during the ATPase cycle and could result in greater predictive power for simulations. In particular, this enhanced model would allow us to quantify the effect of the probabilistic \[[@pcbi.1004675.ref067]\]*vs.* predetermined sequence of subunit firing events on unfolding and translocation activity.

Intermittent forces exerted by central channel loops of ClpY effect SP unfolding and translocation {#sec007}
--------------------------------------------------------------------------------------------------

To glean the detailed mechanical action effected by the ClpY ATPase, we analyze the time series of forces exerted onto the SP ([Fig 5](#pcbi.1004675.g005){ref-type="fig"}). To this end, we compute the average force exerted by central channel loops of ClpY in each step of the cycle. [Fig 5](#pcbi.1004675.g005){ref-type="fig"} illustrates the time series of axial forces and their effect on SP unfolding (*Q* ~*N*~) and translocation (*R* ~*g*~) in trajectories that probe simultaneous or separate events. In both types of pathways, we find that translocation requires axial forces of 75--130 pN. During each trajectory, forces are applied intermittently onto the SP, indicating stochastic events of SP gripping by the ClpY loops. The magnitudes of these intermittent axial forces are distributed in a wide range of values, which supports the power stroke mechanism. As noted above, in trajectories that involve unfolding prior to translocation ([Fig 5(B)](#pcbi.1004675.g005){ref-type="fig"}), the initial unfolding is reversible as a result of the combination of relatively weak forces and their intermittent application.

![Unfolding and translocation pathways effected by repetitive forces exerted by the ClpY channel loops onto the SP.\
Time series of the fraction of native contacts, *Q* ~*N*~, the radius of gyration *R* ~*g*~ of the SP, and forces along the pore axis *F* ~*z*~ in individual trajectories that result in (A) simultaneous unfolding and translocation or (B) unfolding prior to translocation. Reversibility of initial unfolding is observed in (B).](pcbi.1004675.g005){#pcbi.1004675.g005}

Moderate interactions of the SP with the I-domain do not assist in the initial translocation event {#sec008}
--------------------------------------------------------------------------------------------------

The auxiliary I-domain (residues 110---243), which is specific to ClpY, actively assists degradation of the Arc repressor substrate through a proposed mechanism that involves restricting SP mobility on the proximal pore side \[[@pcbi.1004675.ref068]\]. In accord with experimental studies, computer simulations of an all-*α* SP indicate that the I domain binds and stabilizes the unfolded SP \[[@pcbi.1004675.ref050]\]. The deletion of the I-domain in ClpY variants was shown to drastically reduce the ATPase activity of ClpY \[[@pcbi.1004675.ref068]\] and to suppress degradation of specific SPs \[[@pcbi.1004675.ref010]\]. In the case of the *α*/*β* SP, we find that interactions with the I-domain occur with energy *E~I~* ≳ −20 kcal/mol ([S4 Fig](#pcbi.1004675.s004){ref-type="supplementary-material"}). This interaction energy is significantly weaker than that found for the four helix bundle SP, which involves interaction energies ≳ −100 kcal/mol \[[@pcbi.1004675.ref050]\]. The distinct interaction of the two SPs with the I-domain is consistent with their unfolding and translocation mechanisms. The unfolding of the four helix bundle occurs very rapidly (≃1 *τ*) whereas its translocation takes place on a long time scale (≃25 *τ*). Prior to translocation, the unfolded SP, which expose hydrophobic residues, interact moderately with the I-domain. These interactions stabilize the unfolded conformations allowing the pore loops to effectively exert force onto the C-terminus of the SP. By contrast, unfolding represents the rate limiting step in the degradation pathway of the *α*/*β* SP. As noted above, unfolding of the C-terminus of this SP is either simultaneous with the initial translocation event, on a ≃7 *τ* time scale, or it precedes translocation by ≃3 *τ*. The unfolded conformation of the *α*/*β* SP maintains significant native content and it does not require significant external stabilization. As a result, the unfolded intermediate is rapidly translocated or refolding of the SP occurs. These competing events yield weak interaction of the SP with the I-domain even in the absence of translocation. We find that, in 95% of trajectories that do not result in translocation the interaction between the SP and the I-domain is weak, with *E* ~*I*~ ≃ 0 kcal/mol ([S4(b) Fig](#pcbi.1004675.s004){ref-type="supplementary-material"}). Consistent with these observations, additional simulations ([Table 1](#pcbi.1004675.t001){ref-type="table"}) indicate that the I-domain deletion mutant of ClpY maintains translocase activity similar to the wild type ClpY. Nevertheless, the initial unfolding event occurs much later than in wild-type simulations, with a mean first passage time of ≃18 *τ*, highlighting the steric effect of the I-domain that restricts the rotational mobility of the SP.

We propose that the effect of the I-domain on the translocase activity of ClpY is dependent on the SP stability and the interplay between unfolding and translocation mechanisms. For SPs with weak stability, unfolding and translocation may occur on significantly different time scales and the initial unfolding event results in exposing a large number of amino acids located in the hydrophobic core of the SP. The I-domain helps to stabilize this unfolded conformation and assists translocation by reducing the conformational flexibility of the SP. By contrast, if the native character of the SP is preserved during the timeframe between unfolding and translocation, the I-domain interacts weakly with the unfolding intermediate. This hypothesis is consistent with the selective effect of I-domain deletion observed in experimental studies \[[@pcbi.1004675.ref010], [@pcbi.1004675.ref068]\] and with results of computational studies of model proteins \[[@pcbi.1004675.ref050]\].

Translocase activity tolerates polypeptide tracks that are not gripped by the ClpY loops {#sec009}
----------------------------------------------------------------------------------------

Following the initial step of threading the degradation tag through the Clp ATPase pore, complete SP translocation requires sustained pulling of the polypeptide chain. Given the Clp ATPase versatility in processing proteins with diverse sequence, it is important to understand the effect on translocation of weak interactions between regions of the unfolded SP chain and Clp loops. To this end, we performed substitutions within the *α*/*β* sequence that yield variants with distinct length and location of loosely gripped regions ([Fig 2(C)](#pcbi.1004675.g002){ref-type="fig"}). In our model, these regions consist of contiguous stretches of four or six hydrophilic amino acids with the contour length of the hydrophilic stretch, Δ~*L*~ ≥ *l* = 10 Å. The Mut1 variant has Δ~*L*~ ≃ 10.5 Å, while variants Mut2 and Mut3 have Δ~*L*~ ≃ 17.5 Å. The location of amino acid substitutions is chosen near the C terminus (Mut1 and Mut2) or at internal sites (Mut3) of the *α*/*β* substrate ([Fig 2(C)](#pcbi.1004675.g002){ref-type="fig"}). To efficiently probe the effect of these mutations on translocation we use a fast-forwarding approach. For each *α*/*β* variant, simulations are initiated from configurations that involve SP intermediates with mutated segments located in unfolded regions that are in contact with the ClpY pore. For C-terminus variants Mut1 and Mut2, the initial configuration corresponds to the unfolded and not translocated state U1 ([Fig 3(D)](#pcbi.1004675.g003){ref-type="fig"}). For the internal Mut3 variant, simulations are initiated in the unfolded and partially translocated state U3 ([Fig 3(D)](#pcbi.1004675.g003){ref-type="fig"}). As shown in [Table 1](#pcbi.1004675.t001){ref-type="table"}, all of the SP variants considered are viable for translocation albeit at reduced rates compared to the wild-type SP, indicating that "slippage" of the ClpY loops over stretches with contour length exceeding a single loop excursion (Δ~*L*~ \> *l*) of the SP is tolerated. We find that, in the more stringent cases considered, 4% of the trajectories involving Mut2 result in translocation compared with 9% for the wild-type SP, whereas 69% of Mut3 trajectories result in translocation *vs*. 77% in the wild-type SP.

The length and location-dependent effect of mutations on translocation is consistent with the distribution of forces applied by the ClpY loops onto variant and wild-type SP regions ([Fig 6](#pcbi.1004675.g006){ref-type="fig"}). Mut1 and Mut2 variants experience a reduced grip within the ClpY pore compared with the wild-type case ([Fig 6(A) and 6(B)](#pcbi.1004675.g006){ref-type="fig"}). In the wild-type case, forces larger than 50 pN represent a distinctive tail of the distribution and provide a frequent opportunity for translocation. By contrast, forces applied onto Mut1 and Mut2 variants are weaker and they are dominated by the SP slippage events (*F* ≃ 0 pN). The relatively small effect on translocation of mutations at internal sites (Mut3) is consistent with the similar distribution of forces applied to internal regions. In this case, weak slippage of the mutant SP chain is due to the additional pulling assistance from the peptidase which is modeled by harmonic restraints in the distal region.

![Forces exerted by the ClpY central channel loops onto SP variants.\
Probability density distributions of the axial force applied by active ClpY loops onto the *α*/*β* SP (black) and its variants (red) while the mutated or corresponding wild-type polypeptide segment is located within the pore. (A) Mut1, (B) Mut2, and (C) Mut3. Curves corresponding to wild-type distributions differ due to the distinct length and sequence of the segments targeted in each mutation.](pcbi.1004675.g006){#pcbi.1004675.g006}

To ascertain the microscopic interactions that underlie the translocation behavior of the SP variants Mut1 and Mut2, we determine the interaction energy between the secondary structural elements near the mutated region and the active loops of ClpY. [Fig 7](#pcbi.1004675.g007){ref-type="fig"} shows that the energy distributions of interactions involving the SsrA tag, *β*4 and *β*3 strands record the relative ability of the ClpY loops to promote translocation of the SPs. The interaction of the SsrA tag region with the ClpY loops is nearly the same in all three SP variants ([Fig 7(A)](#pcbi.1004675.g007){ref-type="fig"}) as the tag is not affected by the mutation. By contrast, the strong grip of the ClpY loops on the wild-type SP *β*4 strand results in the rapid displacement of this region and relatively less frequent sampling of strong interaction events than for the corresponding region in the Mut1 and Mut2 variants ([Fig 7(B)](#pcbi.1004675.g007){ref-type="fig"}). Interestingly, the Mut1 variant represents a balancing of strong interactions that act to promote translocation, and slippage events that result in the *β*4 strand being localized frequently within the ClpY pore. The Mut2 variant disfavors the interactions between the ClpY loops and the *β*4 strand, reducing the sampling of the large energies and the likelihood of translocation. The interaction of the *β*3 strand with the ClpY loops is weak in both the Mut1 and Mut2 variants due to the infrequent translocation events that prevent localization of this region within the ClpY pore ([Fig 7(C)](#pcbi.1004675.g007){ref-type="fig"}). In the wild-type case, frequent sampling of large energy events is noted due to the convergence of two factors. Greater translocase activity promotes this strand within the pore, while the unassisted translocation capacity is reached and it prevents advancement of the *β*3 strand into the distal region.

![Interactions of SP variants with ClpY central channel loops.\
Probability density distribution of the interaction energy *E* between the central central loops and (A) the SsrA degradation tag, (B) *β*4 strand and (C) the *β*3 strand. The curves shown represent results obtained for Wild Type (black), Mut1 (red) and Mut2 (green) sequences.](pcbi.1004675.g007){#pcbi.1004675.g007}

Our results, which support translocation of SP variants with slippery tracks of 4--6 residues, are consistent with experiments indicating that the length of Glycine-Alanine repeats inserted in an SP construct controls the inhibitory effect of ClpXP degradation \[[@pcbi.1004675.ref069]\]. Repeats consisting of 7 or 8 residues result in production of ≲ 50% intermediates, whereas repeats of 9, 10 or 15 residues yield \>60%. Longer regions of low complexity sequences stall proteasomal degradation altogether, as shown by attaching a 37-residue Glycine-rich region to dihydrofolate reductase SP \[[@pcbi.1004675.ref070]\] or a 30-residue Glycine-Alanine repeat to the mouse ornithine decarboxylase \[[@pcbi.1004675.ref071]\]. Reduced grip of the proteasome or Clp ATPase on the SP is functionally exploited *in vivo* to partially process proteins. As an example, the proteasome regulates the activity of the NF-*κ*B transcription factor, which contains a Glycine-rich region, to yield the p50 fragment from the p105 precursor \[[@pcbi.1004675.ref070]\]. In *Caulobacter crescentus*, ClpXP generates the shorter *γ* form of the ATP-binding clamp loader subunit DnaX from the longer *τ* form by stalling the proteolytic process through a Gly-rich tract \[[@pcbi.1004675.ref072]\].

Mechanical pulling through a non-allosteric pore yields pathways that involve simultaneous SP unfolding and translocation {#sec010}
-------------------------------------------------------------------------------------------------------------------------

In previous work \[[@pcbi.1004675.ref050]\], we found that allosteric-driven motions of the ClpY ring result in distinct unfolding and translocation pathways of an all-*α* SP from those identified by mechanical pulling of the SP through the non-allosteric ClpY pore. To glean the effect of SP topology on these mechanisms, we perform mechanical pulling, using either a constant force or a constant velocity approach, of the *α*/*β* substrate through a non-allosteric pore in the "open" (ATP-bound) conformation (see [Methods](#sec012){ref-type="sec"}).

In the constant force approach, the SP is pulled with a force of 125 pN, which corresponds to the threshold value required to unfold and translocate the SP. In all trajectories, the unfolding of the SP is initiated at the C-terminus and translocation takes place concurrently with unfolding. The major unfolding pathway, which is identified in ≃ 68% of trajectories, involves complete SP unraveling by sequential removal of secondary structural elements (*β*4, *β*3, *α*, *β*2, *β*1) from the SP core. The remaining trajectories involve translocation of partially folded structures comprising the intact hairpin 1 (*β*1*β*2) or hairpin 1 and the *α*-helix (*β*1*β*2*α*). As shown in [Fig 8](#pcbi.1004675.g008){ref-type="fig"}, these multiple translocation pathways result in a broad range (0.2 ≤ *Q* ~*N*~ ≤ 1) of unfolded SP conformations sampled that overlaps with the corresponding range in the allosteric-driven mechanisms. Nevertheless, continuous application of force yields poor sampling of unfolded and not translocated SP conformations (0.2 ≤ *Q* ~*N*~ ≤ 0.8 and 10 Å ≤*R* ~*g*~≤ 20 Å). Translocation of partially folded structures is favored by the large diameter of the pore and the compact *β*-folded structures, as well as the large pulling force. Although sampling of these partially folded structures is enhanced by these factors, translocation of segments with intact secondary structure is realistic. Experimental studies have shown that disulfide bonded SPs are translocated and degraded by ClpXP \[[@pcbi.1004675.ref073], [@pcbi.1004675.ref074]\], a homolog of ClpY. The average time required for complete unfolding and translocation by pulling through a rigid pore with constant force is ≃ 0.6 *τ*, nearly an order of magnitude faster than in the case of allosteric ClpY. While constant force pulling simulations are able to reproduce the initial unfolding and translocation events of the *α*/*β* SP found in simulations of allosteric ClpY (unraveling at the C-terminus followed by translocation of the unfolded polypeptide), the time scales are much faster and additional unfolding and translocation pathways are not in agreement. These results are in accord with findings in our previous simulations of the four helix bundle substrate \[[@pcbi.1004675.ref050]\] which indicate faster unfolding and translocation time scales and distinct unfolding pathways in constant force simulations compared to those obtained in allosteric simulations. The studies of the *α*/*β* SP, however, yield multiple pathways of unfolding and translocation in the constant force simulations and result in better sampling of partially translocated conformations.

![Unfolding and translocation by mechanical pulling with a constant force through a non-allosteric ClpY pore.\
Probability density map of the fraction of native contacts and radius of gyration for simulations of mechanical pulling through a non-allosteric pore with constant force *F* = 125 pN.](pcbi.1004675.g008){#pcbi.1004675.g008}

In the constant velocity approach, we performed simulations that involve pulling the *α*/*β*-SsrA SP at speeds of 8.8 × 10^4^ *μ*m/s or 5 × 10^5^ *μ*m/s ([Table 1](#pcbi.1004675.t001){ref-type="table"}). Our simulations result in a single translocation pathway that consists in unraveling the SP at the tagged C-terminus followed by simultaneous translocation of the unfolded structure ([Fig 9](#pcbi.1004675.g009){ref-type="fig"}). The SP interacts favorably with the I-domain and surface surrounding the entrance to the central channel, which facilitates unfolding. These interactions are stronger in this case that in the allosteric case due to the continuous application of external forces. At slower speeds, these off-axis interactions may yield unsuccessful events as the SP is likely to be deflected off the axis of the channel ([Table 1](#pcbi.1004675.t001){ref-type="table"}). We find that the critical forces necessary for unfolding and translocation in the constant velocity simulations exceed those found in both constant force pulling and allosteric simulations ([S5 Fig](#pcbi.1004675.s005){ref-type="supplementary-material"}). Thus, the constant velocity approach highlights the importance of the local stability near the tagged C-terminus of the SP for unfolding and translocation, which is in accord with experimental findings \[[@pcbi.1004675.ref026]\]. Nevertheless, the single unfolding and translocation pathway that emerges in this type of simulations provides limited sampling of SP conformations beyond this initial event.

![Unfolding and translocation by mechanical pulling with a constant velocity through a non-allosteric ClpY pore.\
Probability density maps of the fraction of native contacts and radius of gyration for simulations of mechanical pulling through a non-allosteric pore with constant velocity of (A) *v* = 8.8 × 10^4^ *μm*/*s* and (B) *v* = 5 × 10^5^ *μm*/*s*.](pcbi.1004675.g009){#pcbi.1004675.g009}

Conclusions {#sec011}
-----------

Clp proteases are versatile nanomachines which are able to degrade substrate proteins with diverse topology provided that a degradation tag is attached for recognition. While experiments revealed the strong correlation of SP topology and degradation rates, molecular details of these processes are insufficiently understood. Using molecular dynamics simulations of a coarse-grained model of ClpY allostery, we investigated the complete unfolding and translocation of an *α*/*β* SP. To glean the dependence of Clp ATPase-assisted processing on topology, we compared and contrasted ClpY-mediated remodeling of this substrate with our prior results of an all-*α*SP.

Our results reveal that for both topologies unfolding is initiated at the tagged C-terminus and translocation takes place in discrete steps. Translocation of polypeptide segments of lengths 10--30 Å, which represent multiples of the 10 Å axial motion of single loop, highlights intra-ring allosteric cooperativity that enables successive SP handling by several subunits. Multi-subunit engagement of SPs during single ATPase cycles enables the machinery to promote translocation of weakly gripped polypeptide chains and to overcome kinetic constraints due to refolding reactions. These aspects are in agreement with single molecule experiments \[[@pcbi.1004675.ref032]--[@pcbi.1004675.ref035], [@pcbi.1004675.ref038]\] that involve mechanical pulling applied by ClpY loops along the C-N direction of SPs. Conservation of these mechanisms for diverse topologies and using unidirectional or multi-directional pulling geometries emphasize the active role of central pore loops in the mechanical action of Clp ATPases.

Topology-specific mechanisms arise primarily from the local mechanical stability of the SP near the tagged and the direction of force application. Unfolding of *α*/*β* SP involves either shearing the C-terminal *β*-strand or by unzipping the C-terminal *β*-hairpin. These distinct unfolding pathways indicate that mechanical forces generated by the central channel loops are applied along multiple directions of the SP. Based on these results, we propose that *the minimal requirement for unfolding mediated by Clp ATPases is for SPs to possess directions of weak mechanical resistance near the tagged terminus.* We also find that the rate-limiting step in the degradation process is strongly dependent on the SP topology. For the weakly bound all-*α* four helix bundle SP \[[@pcbi.1004675.ref050]\] translocation is the rate-limiting step, while for the *α*/*β* SP unfolding represents the rate-limiting step. Assistance from auxiliary I-domains of ClpY is also dependent on SP topology leading to a passive role in unfolding and translocation through steric constraints, as in the case of the *α*/*β* SP, or an active role in stabilizing the unfolded conformation and assisting sequential translocation, as in the case of the all-*α* SP. Our simulations yield several predictions testable by experimental studies. Specific mechanisms of unfolding and translocation proposed to result from the directionality of the ClpY-mediated force can be probed in single molecule studies of SP variants with engineered N and C termini or with restricted unfolding pathways. Translocation cooperativity is suggested to be modulated by secondary structure and may be probed in comparative studies of proteins with diverse secondary structure.

Internal structural elements of the SP can also play an important role in translocation, as in the case of disulfide-bonded or knotted proteins, or when the SP recognition by the Clp ATPases involves internal degradation tags \[[@pcbi.1004675.ref074], [@pcbi.1004675.ref075]\]. For disulfide-bonded chains and polypeptides engaged at internal sites, translocation of multiple chains has to occur simultaneously which imposes specific kinetic constraints. Interestingly, the wider multi-chain substrate is accommodated without distortion of the ClpX pore \[[@pcbi.1004675.ref073]\]. Degradation of knotted proteins is particularly intriguing as mechanical force applied at the protein ends results in knot tightening. Consequently, in mechanical pulling of knotted biopolymers through narrow pores several outcomes are possible depending on the relative size of the knot to the pore width, $R_{g}^{knot}/d_{pore}$, the external force applied and the location of the knot along the chain. As illustrated by computer simulations \[[@pcbi.1004675.ref076]\], the intact knot can be translocated through a rigid cylindrical pore albeit at a significantly slower translocation rate and through distinct intermediate conformations of the knotted protein compared with the unknotted chain. At narrow pores, tightened knots are not translocated, but remain pinned to the surface and could jam the pore if the pulling force exceeds a threshold value \[[@pcbi.1004675.ref077], [@pcbi.1004675.ref078]\]. Nevertheless, low forces facilitate reptation-type moves of the polymeric chain through the knot, effectively resulting in knot diffusion towards the free polymer end and chain translocation \[[@pcbi.1004675.ref077]\]. A similar mechanism has been proposed to allow knotted protein translocation \[[@pcbi.1004675.ref078]\]. These results suggest as plausible mechanisms of Clp-mediated translocation of the knotted proteins both the diffusion of the knot along the protein chain through the repetitive action of the pulling force and the internalization of the intact knot through the fluctuating Clp ATPase pore. Further experimental and computational studies are needed to discriminate these possible mechanisms of degradation of knotted proteins by the ClpXP.

Clp-assisted unfolding and translocation mechanisms are distinct from mechanical unfolding by AFM-type simulations, which reveal multiple unfolding pathways from the C-terminus, N-terminus, or simultaneously from both termini. Mechanical unfolding and translocation by pulling through a rigid ClpY pore with constant velocity or constant force are able to reproduce some of the molecular details such unfolding from the C-terminus and the conformations sampled, though larger effective forces are required when pulling with a constant velocity, while pulling with constant force results in simultaneous unfolding and translocation and some unphysical pathways.

Methods {#sec012}
=======

Coarse-grained model of the ClpY ATPase-SP interaction {#sec013}
------------------------------------------------------

In order to overcome large length scales and to reach biologically relevant time scales associated with Clp ATPase-mediated unfolding and translocation, we developed coarse-grained models of these systems. The ClpY ATPase and the SP are represented by using an "united atom" model that describes each amino acid as a single bead located at the *C* ~*α*~ position \[[@pcbi.1004675.ref079]\]. Three amino acid types are distinguished, hydrophobic (B), hydrophilic (L), or neutral (N) \[[@pcbi.1004675.ref080]\]. We use the CHARMM molecular modeling program \[[@pcbi.1004675.ref081]\] to perform coarse-grained Langevin dynamics simulations of these systems. Using this approach, we obtain multiple simulation trajectories ([Table 1](#pcbi.1004675.t001){ref-type="table"}) that result in complete SP unfolding and translocation during repetitive ATPase cycles.

Model for the substrate protein (SP) {#sec014}
------------------------------------

To probe the effects of ClpY-mediated unfolding and translocation, we use the BLN model of the 56-amino acid *α*/*β* substrate protein developed by Sorenson and Head-Gordon \[[@pcbi.1004675.ref057]\]. The Hamiltonian of this model is *H* = ∑~*bond*\ −\ *lengths*~1/2 *k* ~*b*~(*σ* − *σ* ~0~)^2^ + ∑~*bond*\ −\ *angles*~1/2 *k* ~*θ*~(*θ* − *θ* ~0~)^2^ + ∑~*dihedral*~(*A*\[1 + *cosφ*\] + *B*\[1 − *cosφ*\] + *C*\[1 + *cos*3*φ*\] + *D*\[1 + *cos*(*φ* + *π*/4)\]) + ∑~*non*\ −\ *bonded*~4*ϵ* ~*H*~ *S* ~1~\[(*σ*/*r* ~*ij*~)^12^ − *S* ~2~(*σ*/*r* ~*ij*~)^6^\]. Harmonic potentials are used for bond lengths and bond angles, with *k* ~*b*~ = (100*ϵ* ~*h*~)/*σ* ^2^, *σ* ~0~ = 3.8 Å, *k* ~*θ*~ = 20*ϵ* ~*h*~ *rad* ^−2^, *θ* ~0~ = 105°, and *ϵ* ~*h*~ = 1.25 *kcal*/*mol*. Secondary structural elements are reproduced by dihedral angles interactions that favor helical (A = 0, B = C = D = 1.2 *ϵ* ~*h*~), turn (A = B = D = 0, C = 0.2*ϵ* ~*h*~), or extended (A = 0.9*ϵ* ~*h*~, C = 1.2 *ϵ* ~*h*~, B = D = 0) backbone configurations ([Fig 2](#pcbi.1004675.g002){ref-type="fig"}). Non-bonded interactions involve all (*ij*) pairs with *j* ≥ *i* + 3, and are given by *S* ~1~ = *S* ~2~ = 1 for BB, $S_{1} = \frac{1}{3},S_{2} = - 1$ for BL and LL, and *S* ~1~ = 1, *S* ~2~ = 0 for BN, LN, and NN pairs \[[@pcbi.1004675.ref057], [@pcbi.1004675.ref062]\]. In the present model rigid bond lengths described by Sorenson and Head-Gordon are replaced by harmonic interactions. Amino acids of the SsrA tag, which is covalently attached at the C-terminus of the *α*/*β* protein, are modeled to favor turn conformations. Simulations are performed at *T* ≃ 0.7 *T* ~*f*~ or *T* ≃ 0.9 *T* ~*f*~, where the folding temperature for this model *T* ~*f*~ ≃ 260K.

The native conformation of the *α*/*β*SP {#sec015}
----------------------------------------

The native state of the *α*/*β* protein is obtained using the parameters shown above. We use an annealing procedure, by heating to T = 1.35 *ϵ* ~*h*~/*k* ~*b*~ and cooling in decrements of 0.079 *ϵ*/*k* ~*b*~ until *T* = 0.64 *ϵ* ~*h*~/*k* ~*b*~ is reached. Next, the structure is cooled to *T* = 0 in decrements of 0.015 *ϵ* ~*h*~/*k* ~*b*~ and energy minimization using a steepest descent algorithm is applied. This procedure is repeated three times, identifying the native state as the lowest energy structure. From these annealing simulations, the lowest energy structure has an energy of -31.9*ϵ* ~*h*~. While this structure is slightly higher in energy compared to that found by the Head-Gordon group, a contact analysis reveals a nearly identical native structure \[[@pcbi.1004675.ref082]\].

ClpY allostery {#sec016}
--------------

We describe allosteric cycles of ClpY by using the approach outlined in our earlier study \[[@pcbi.1004675.ref050]\]. Crystal structures of ATP-bound conformations of ClpY, with Protein Data Bank (PDB) ID 1DO2, are used to describe "open" pore conformation (diameter ≃ 19Å) and crystal structures of ADP-bound conformations of ClpY, with PDB ID 1DO0, are used to describe the "closed" pore conformation (diameter ≃ 8 Å) \[[@pcbi.1004675.ref007]\]. These structures are aligned to minimize their root-mean-square deviation. Sequential intra-ring transitions during the ClpY cycle are represented by motions of pairs of adjacent subunits between their open and closed conformations, so that each amino acid moves at a constant velocity between its two end locations. Computationally, allosteric transitions are modeled using the generalized constant velocity subroutine in CHARMM \[[@pcbi.1004675.ref081]\], which has been implemented to describe subunit motions to study GroEL-assisted SP folding \[[@pcbi.1004675.ref083]\]. Beads representing amino acids that belong to allosterically inactive subunits are constrained to fixed locations. Thus, a total of six moves is required to describe a full ClpY cycle between open and closed conformations. The *α*/*β*-SsrA SP is oriented along the pore axis (z-axis) on the proximal side of ClpY in the open (ATP bound) conformation, with C-terminus a distance *d* ~0~ = 8 Å from the pore entrance located at z = 0 Å ([Fig 1A](#pcbi.1004675.g001){ref-type="fig"}). Resulting trajectories which bind to the loops are continued for 50 *τ* of unassisted allostery, where *τ* is the duration of a single cycle. To mimic ClpQ interactions with the partially translocated polypeptide segments, trajectories which result in partial translocation are continued for an additional 70 *τ* using an additional harmonic restraint with *k* = 0.5 kcal/(mol⋅Å^2^) and equilibrium length of 6.5 Å is applied to amino acids in the distal region ($z - {\overline{z}}_{loops} > 14.5Å$).

ClpY⋅*α*/*β*-SsrA interaction {#sec017}
-----------------------------

Non-bonded intermolecular interactions between ClpY and *α*/*β*-SsrA are scaled by *λ*, *V* ~*G*~*i*~,\ *H*~*j*~~ = *λ* ~*G*~*i*~,\ *H*~*j*~~ *V* ~*H*~*i*~,\ *H*~*j*~~, where *G* = {*ClpY*, *SsrA*}, *H* = {*SsrA*, *α*/*β*} and *ij* = {*B*, *L*, *N*}. As in our previous simulations \[[@pcbi.1004675.ref050]\], we use *λ* ~*SsrA*,\ *α*/*β*~ = *λ* ~*SsrA*~*B*~,\ *SsrA*~*B*~~ = 0.25, *λ* ~*SsrA*~*L*~,\ *SsrA*~*L*~~ = 1 to prevent SsrA from destabilizing the folded structure of the *α*/*β* SP and to reflect the random coil SsrA conformation. Hydrophobic amino acids located on the distal surface of ClpY are given an interaction *λ* ~*ClpY*~*B*~,\ *H*~ = 2.0 to prevent translocation reversal in the absence of explicit interactions between the SP and ClpQ. Higher (lower) affinity of ClpY loops during closing (opening) transitions are described using *λ* ~*ClpY*~*B*~,\ *H*~ = 1.5(1.0). The strength of the ClpY-SP interaction is calibrated to reproduce forces on the order of ≃100 pN. Alternatively, the interaction strength can be parametrized based on atomistic simulations of the ClpY-SP system. All other amino acids of ClpY interact using *λ* ~*ClpY*,\ *H*~ = 1.25.

Calculation of the fraction of native contacts {#sec018}
----------------------------------------------

The native content of conformations of the *α*/*β* protein is determined by calculating the fraction of native contacts, $Q_{N}\left( t \right) = \frac{1}{N_{C}}\sum_{i \neq j,j \pm 1}\Theta\left\lbrack \left. \eta - \right|r_{ij}\left( t \right) - r_{ij}^{0}| \right\rbrack$, where $r_{ij}^{k}\left( t \right)$ is the distance between residues *i* and *j* at time *t* and the index "0" corresponds to the native state. Native state contacts are identified using a cutoff of 8 Å for (*i*, *j*) pairs with *j* \> *i* + 1. The Heaviside step function Θ(*x*) is 1 for *x* ≥ 0 and 0 for *x* \< 0 and the tolerance *η* = 2 Å. The native state is characterized by *Q* ~*N*~ \> 0.91, as determined by fluctuations in the bulk simulations ([S1 Fig](#pcbi.1004675.s001){ref-type="supplementary-material"}).

Calculation of characteristic time scales of unfolding and translocation {#sec019}
------------------------------------------------------------------------

We determine the characteristic time scales using the mean first passage time \[[@pcbi.1004675.ref084]\] for unfolding or translocation: $1/\tau = \frac{1}{N_{traj}}\sum_{i = 1,N_{traj}}\left( 1/\tau_{i} \right)$, where *N* ~*traj*~ is the total number of trajectories and *τ* ~*i*~ is the first passage time for each trajectory. The first passage time for unfolding is determined using the *Q* ~*N*~ \< 0.91 criterion. The first passage time for the second unfolding event, the removal of the *β*4 strand from the folded structure, is computed using *Q* ~*N*~ \< 0.65. For translocation, the first passage time for translocation events is obtained based on propagation of SP amino acids into the distal region of ClpY.

Supporting Information {#sec020}
======================

###### Bulk equilibration of the SP.

Probability density distribution of the fraction of native contacts of the *α*/*β* protein (black), of the *α*/*β*-SsrA fusion protein (red) in the bulk, and of the *α*/*β*-SsrA SP following binding to the non-allosteric ClpY pore (green).

(EPS)

###### 

Click here for additional data file.

###### Bulk mechanical unfolding of the SP.

Force-extension curve along the N-terminal unfolding pathway in an AFM-type pulling simulation. Snapshots indicate SP conformations following unfolding events. The C-terminal region is highlighted in red and the N-terminal region in blue.

(EPS)

###### 

Click here for additional data file.

###### Effect of distal restraints on translocation of the *α*/*β* SP through the ClpY pore.

Average contour length of the polypeptide segment translocated, as a function of time, through an allosteric (black) or non-allosteric (red) pore in the presence of distal harmonic restraints (see [Methods](#sec012){ref-type="sec"}). Simulation trajectories are initiated from the *t* = 50 *τ* configurations involving partial SP translocation effected by the allosteric pore in the absence of distal restraints.

(EPS)

###### 

Click here for additional data file.

###### Interaction between the SP and the I-domain in allosteric cycles of ClpY.

Probability density map of interaction between the SP and the I-domain,*E*, and the radius of gyration of the SP in trajectories which (A) result in translocation and (B) do not result in translocation.

(EPS)

###### 

Click here for additional data file.

###### Unfolding and translocation forces.

Probability density distributions of forces exerted onto the SP during unfolding and translocation in allosteric cycles of ClpY (black) and in mechanical pulling with constant velocity through a non-allosteric ClpY pore (red).

(EPS)

###### 

Click here for additional data file.
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